Thymic development of αβ T lymphocytes into invariant natural killer (NK) T cells depends on their selection via agonistic lipid antigen presented by CD1d. If successful, newly selected NKT cells gain effector functions already in the thymus. Some γδ T cell subsets also acquire effector functions in the thymus. However, it is not clear whether agonistic TCR stimulation is involved in thymic γδ T cell selection and development. Here we combine two genetic models to address this question. MiR-181a/b-1 -/-mice, which show impaired agonistic T cell selection of invariant αβ NKT cells, were crossed to Tcrd-H2BeGFP reporter mice to monitor selection, intra-thymic expansion and differentiation of γδ T cells. We found that miR-181a/b-1-deficiency had no effect on numbers of thymic γδ T cell or on their differentiation towards an IL-17-or IFN-γ-producing effector phenotype. Also, the composition of peripheral lymph node γδ T cells was not affected by miR-181a/b-1-deficiency. Dendritic epidermal γδ T cells were normally present in knock-out animals. However, we observed elevated frequencies and numbers of γδ NKT cells in the liver, possibly because γδ NKT cells can expand and replace missing αβ NKT cells in peripheral niches. In summary, we investigated the role of miR-181a/b-1 for selection, intrathymic development and homeostasis of γδ T cells. We conclude that miR-181a/b-1-dependent modulation of T cell selection is not critically required for innate development of γδ NKT cells or of any other γδ T cell subtypes.
Introduction
γδ T cells, like αβ T cells, rearrange clonal T cell receptors (TCRs) while they develop in the thymus. Strong evolutionary conservation of γδ T cells in all jawed vertebrates suggests that these cells are essential for immune homeostasis and host competence against infections [1] . In contrast to αβ T cells, the impact of antigen-specific selection of clonal γδ TCR heterodimers is less clear. There is probably no negative selection of thymocytes carrying "wrong" or self-reactive γδ TCRs. However, substantial experimental evidence supports the hypothesis that quality control selection at the DN2-DN3 stage of thymocyte development warrants signaling-competence of γδ TCR heterodimers [2] [3] [4] [5] . The necessity of γδ TCR signaling may differ between developing and mature effector γδ T cells, and thus it was suggested that γδ T cells straddle innate and adaptive immunity [6] . According to the signal strength hypothesis, strong signals via the γδ TCR will drive immature thymocytes into the γδ T cell lineage [7] [8] [9] [10] [11] [12] . Within that lineage, not all γδ T cells are similar but rather constitute several different subsets that can be grouped according to Vγ-chain-usage and effector phenotype [13, 14] . These subsets develop in progressive waves [14, 15] . Thereby, Vγ5
+ dendritic epidermal γδ T cells (DETCs) [16, 17] and Vγ6 + γδ T cells [18] develop only in the fetal thymus before birth and later persist as self-renewing tissue-resident effector cells. Other tissue-specific γδ T cell populations, including intraepithelial intestinal γδ T cells develop throughout adulthood [19, 20] . Intraepithelial intestinal γδ T cells express TCRs mainly composed of Vγ7 and preferentially pair with Vδ4, Vδ5 and Vδ6 chains [21] . To date, the sole established positive thymic γδ T cell selection was reported for DETCs, which require some specific selecting signal via their invariant Vγ5 + Vδ1 + TCR for homing to and populating skin epidermis [22, 23] . Furthermore, thymic TCR engagement correlates with the differentiation of thymic γδ T cells into CD122 + IFN-γ-secreting effector T cells [24] . There, TCR-triggered CCR6 -CD27 + CD122 + NK1.1 +/-γδ T cells are prone to secrete IFN-γ whereas TCR-untriggered γδ T cells with a CCR6 + CD44 hi CD27
phenotype are associated with IL-17 expression [24] [25] [26] . In contrast, recent evidence suggested that at least a fraction of CCR6 + CD27 -CD44 high cells received a strong TCR stimulus very early during thymopoiesis as they become TCR hyporesponsive during development [6] . In this context, it was recently proposed that NK1. [14, 28, 29] . The mechanisms responsible for development and potentially selection of γδ NKT cells are still elusive. Current concepts suggest that agonistic TCR-selection might be required for the development of both αβ NKT cells [30, 31] and γδ NKT cells [29, 32, 33] . We and others recently reported that the miR-181a/b-1 cluster is highly expressed during thymocyte development and positively regulates TCR signal strength [31, [34] [35] [36] . Its relative abundance increases during consecutive double negative (DN) stages DN1 to DN4 of thymocyte development from approximately 1%, 2%, 8% to 17% of all miRNAs, respectively, and peaks at >45% in the CD4 + CD8 + DP stage [37] . Accordingly, miR-181a/b-1-deficient animals display severely impaired development of invariant αβ NKT cells, which are agonist-selected at the DP stage, although other cellular functions, such as metabolism or Notch signaling have also been proposed to be regulated by miR-181a/b-1 [31, 38, 39] . In this study, we address whether miR-181a/b-1 influenced a potential agonistic selection of thymic γδ T cells and whether it affected their differentiation towards an IL-17-or IFN-γ-producing effector phenotype. Furthermore, we investigate whether miR-181a/b-1 deficiency has an effect on the development of innate effector γδ NKT cells similar to αβ NKT cells. To this end, we crossed TcrdH2BeGFP reporter mice [4] to a miR-181a/b-1 -/-deficient strain [31] . Although staining with antibodies directed against the γδ TCR and CD3ε can also identify most bona fide γδ T cells, the combination of these two genetic models allowed us to better monitor the impact of miR181a/b-1 on selection, intra-thymic expansion and differentiation of γδ T cells.
Material and Methods Mice
TcrdH2BeGFP (C57BL/6-Tcrdc tm1Mal /J; [4] ) and miR-181a/b-1
were already described. They were crossed to obtain miR-181a/b-1 -/-x TcrdH2BeGFP mice. F1 C57BL/6 wild type mice (WT, CD45.1/CD45.2) were already described [31] . Mice were bred under specific pathogen free conditions in the central animal facility at Hannover Medical School.
Ethics
All experiments were conducted according to local and institutional guidelines approved by Lower Saxony State Office for Consumer Protection and Food Safety, file references 11/0533 and 12/0869.
Flow Cytometry
Antibodies directed against Vγ1 (clone 2.11, PE, 1:100), IFN-γ (clone XMG1. Tigelaar, Yale. In the presence of unlabeled TCRγδ (GL3) antibody, 17D1 antibodies also recognize Vγ6 + γδ T cells in addition to Vγ5 + γδ T cells [40] . Binding of 17D1 antibody was detected by anti-rat IgM-PE. APC-conjugated CD1d/PBS-57 (αGalCer analog) loaded and unloaded tetramers were provided by the National Institutes of Health Tetramer Facility at Emory University (Atlanta, GA). Before antibody staining Fc-receptors were blocked with FcR antibody (clone 2.4G2) on ice for 5min. For intracellular staining, cells were stimulated 3h with Phorbol-12-myristate-13-acetate (PMA, 50 ng/ml, Calbiochem) and ionomycin (2 μg/ml, Invitrogen) in the presence of Brefeldin A (1 μg/ml, Sigma). Cells were fixed using the BD Cytofix/ Cytoperm Kit as described in the supplier's manual. The CD1d/α-GalCer tetramer staining was performed at room temperature for 30min followed by surface staining for 30min on ice. FACS analysis was performed using a LSRII flow cytometer (BD Biosciences) equipped with the BD FACSDiva software. For expression analyses, DN thymocytes enriched by complement lysis were sorted on a FACS Aria II cell sorter (BD) into the following subsets: DN1, CD44 
Cell preparations
Thymocytes were prepared by complement lyses (LowTox-M Rabbit Complement, Cedarlane Laboratories) with anti-CD8 IgM (RL1.72), anti-CD4 IgM (M31) and 300μg DNAseI (Roche).
CD4
-CD8 -thymocytes were separated by density gradient using Lympholyte M (Cedarlane laboratories). For the isolation of liver lymphocytes the organs were perfused to remove residual blood. The whole organs were cut into pieces and digested with 0.5mg/ml Collagenase D and 0.025mg/ml DNAseI. Digest was stopped by adding EDTA to a final concentration of 20mM. Digested organs were meshed through a 40μm Cellstrainer (Fisher Scientific). For isolation of lymphocytes from skin, mice were killed and backs of mice were shaved and subsequently treated with depilatory cream (Veet) to remove residual fur. Skin was cut into small pieces and incubated in RPMI supplemented with 1mg/ml Liberase (Roche) and 0,125mg/ml DNAseI for 60min at 37°C, shaking. During the last 15min, EDTA was added to a final concentration of 60mM. Digested skin was meshed through a 100μM Cellstrainer (Fisher Scientific). Liver and skin lymphocytes were separated by density gradient centrifugation using Percollgradients.
Preparation of epidermal sheets
Mouse ears were shaved and dorsal and ventral halves were separated. Both were incubated in 0.5 M NH4SCN at 37°C for 20 min. Epidermal layers were peeled off and were fixed in 4% PFA at RT for 15 min, then rehydrated in TBS-T or PBS for 20 min at RT. Blocking was done with 8% rat serum for 30min at RT. The epidermal sheets were stained with CD3-Cy3 (clone 17A2) at RT for 2 hours and analyzed with an Olympus BX641 microscope. DETCs were identified as GFP + CD3 + .
MicroRNA Quantitative RT-PCR
RNA preparation and quantitative PCR was performed as described [31] using the RNeasy Mini Kit (Qiagen), TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems) and miR181a specific primers (TaqMan assay 000480) according to the manufacturers' protocols.
Quantitative RT-PCR analysis of miRNA expression was carried out using the following TaqMan probes: hsa-miR-181a, TM:000480 (Applied Biosystems); hsa-miR-181d, TM:001099 (Applied Biosystems). Relative Expression was calculated as % expression of snoRNA412 as house-keeping microRNA (miRNA) using the ΔCt (Applied Biosystems, TM: 001243).
Mixed bone marrow chimeras
Bone marrow was isolated from miR-181a/b-1 -/-(KO, CD45.2) and C57BL/6 wild type (WT, CD45.1/CD45.2) mice. Recipient C57BL/6 wild type (CD45.1) were lethally irradiated (9Gy) and reconstituted intravenously with 10x10 6 bone marrow cells in a 1:1 mixture of KO (CD45.2) and WT (CD45.1/CD45.2) cells within 4 hours after irradiation. Recipient mice were treated with Cotrimoxazol during the initial two weeks. Analysis was performed after 7 weeks.
Statistics
Statistical analyses were performed with GraphPad Prism (Version 4.03) using MannWhitney test. P-values <0.05 ( Ã ) were considered as significantly different.
Results

Thymic development of γδ T cells in the absence of miR-181a/b-1
So far, the role of miR-181 family members in development and selection of γδ T cells was not investigated in detail. The miR-181a/b-1 cluster is differentially expressed across all DN immature stages of thymocyte development. It peaks with the highest copy number per cell and the highest relative expression of all miRNAs in DP thymocytes [36] . However, RNA-sequencing revealed that miR-181a was already the fifteenth and third most abundant of all miRNAs in the DN2 and DN3 stages, respectively [37] . The late DN2 to DN3 developmental stages frame the window, in which γδ T cells branch off to further develop as a separate T cell lineage [9, 10] . In order to confirm the high abundance of miR-181a/b-1 in immature thymocytes, we measured expression of miR-181a in FACS-sorted thymocyte subsets derived from TcrdH2BeGFP mice.
Here we found comparably high expression levels of miR-181a in DN2, DN3, and γδ thymocytes as shown by relative quantification of miR-181a in comparison to the small nuclear RNA sno412 ( Fig 1A) . Thus, our data essentially reproduced previously published miRNA expression analyses performed by RNA sequencing [37] . Notably, similar expression dynamics were observed in thymocytes sorted from neonatal thymi, albeit absolute expression levels in DN and γδ thymocytes were lower as compared to adult thymi. In miR-181a/b-1 -/-mice the development of αβ NKT cells and most prominently that of CD1d-restricted semi-invariant so-called iNKT cells, is disturbed as indicated by massively reduced numbers of αβ KT cells [31, 39] . To address if deletion of miR-181a/b-1 affected thymic γδ T cell numbers, we compared numbers of thymic γδ T cells of miR-181a/b-1 deficient mice to miR-181a/b-1 sufficient littermate controls. However, γδ T cells numbers were not significantly different in the absence of miR-181a/b-1 (Fig 1B) . To evaluate a possible compensatory up regulation of other members of the miR181family that might compensate the lack of 181a/b-1, we analyzed the expression of miR181d in WT compared to 181KO mice in sorted thymocytes. Relative quantification revealed no compensatory up-regulation of miR181d in miR-181a/b-1 knockout thymocytes ( Fig 1C) . These data are consistent with previous studies showing that miR-181a and miR-181b are predominantly expressed from mir-181ab1 in thymocytes [38] . As miR-181a/b-1 was shown to influence the TCR repertoire of iNKT cells [31] , we next investigated the Vγ-chain usage of thymic γδ T cells. Interestingly, the frequency of Vγ1 + and Vγ4 + γδ T cells was lower in miR-181a/b-1 -/-mice, whereas the frequency of Vγ6 + γδ T cells was increased compared to miR-181a/b-1-sufficient controls (Fig 1D) . Such a shift in Vγ-chain usage towards Vγ6 + γδ T cells might reflect that development and thymic persistence of the latter are relatively less dependent on miR-181a/b-1-modulated TCR signal sensitivity.
To address a possible cell intrinsic advantage or disadvantage of miR181a/b-1 deficient compared to control thymocytes we analyzed the Vγ1 + and Vγ4 + thymocytes in mixed bone marrow chimeras. Therefore, lethally irradiated wild type mice were reconstituted with a 1:1 mixture of miR-181a/b-1 knockout and wild type bone marrow cells. The ratios of miR-181a/ b-1 -/-donor cells and wild type donor cells, identified by congenic markers, were approximately one, indicating that none of the donor cells had a cell intrinsic advantage over the other (Fig 1E) .
The cumulative number of NK1.1 + T cells in thymus was suggested to be tightly controlled by competition for thymic NKT cell niches [27] . Therefore, we assessed the number of total NK1.1 + cells and NK1.1 + γδ T cells. While the number of all NK1.1 + cells was reduced in miR-
mice due to impaired development of αβ iNKT cells (Fig 1F) , numbers of NK1.1 + γδ T cells were comparable to miR-181a/b-1-sufficient controls (Fig 1G) . This suggests that, although expanded populations of NK1.1 + γδ T cells compromised the number of thymic αβ iNKT cells in TCR γ-chain-transgenic mice [27] , reduced numbers of αβ iNKT cells did not vice versa lead to a thymic niche-dependent expansion of NK1.1 + γδ T cells. Next, we investigated whether intrathymic development into CD24 -CD44 hi cluster B [4] effector γδ T cells was affected by miR-181a/b-1-deficiency. We found no alterations in the frequency of cluster B cells (Fig 1H) . Within cluster B proportions of CCR6 + and NK1.1 + effector γδ T cells (Fig 1I) , which mark IL-17-or IFN-γ-producing effector γδ T cells, respectively, were also unaltered. Together, this indicates that deletion of miR-181a/b-1 does neither alter thymic γδ NKT cells numbers nor their thymic development into cluster B effector T cells. Unchanged peripheral lymph node γδ T cells in the absence of miR181a/b-1
In miR-181a/b-1 -/-mice the paucity of iNKT cells is not restricted to the thymic compartment but also transmitted into periphery [31] . Peripheral lymph nodes (pLN) displayed no difference of total γδ T cell numbers in miR-181a/b-1 -/-mice and miR-181a/b-1 sufficient controls (Fig 2A) . In addition, similar to the thymus, numbers of NK1.1 + γδ T cells in pLN were comparable ( Fig 2B) . As we detected a moderate but significantly altered Vγ chain usage in thymi of miR-181a/b-1 -/-mice (Fig 1C) , we next investigated the peripheral γδ TCR repertoire. To this end, we analyzed Vγ chain usage via antibody staining for Vγ1, Vγ4 and Vγ6 chains. However, we did not observe differences between miR-181a/b-1 -/-mice and controls in pLN γδ T cells (Fig 2C) . Furthermore, pLN displayed no difference in IL-17-or IFN-γ-producing effector γδ T cells as revealed by intracellular cytokine staining (Fig 2D and 2E) NK1.1 + γδ NKT cells fill empty iNKT niches in the liver of miR-181a/b-1-deficient mice γδ NKT cells mainly home to and reside within the liver, similar to αβ iNKT cells [41] . Therefore, we analyzed the composition of the γδ T cell compartment in the liver of miR-181a/b-1 (Fig 3A-3C) . At the same time, numbers and frequencies of liver-resident NK cells and conventional αβ T cells were similar in miR-181a/b-1 -/-and control mice (data not shown). Analysis of mixed bone marrow chimeras indicated that miR-181a/b-1 -/-γδ NKT cells had no cell intrinsic advantage compared to miR-181a/b-1 sufficient γδ NKT cells (Fig 3D) . Together, these results suggest that NK1.1 + γδ NKT cells populate and expand in niches in the liver that are free due to reduced numbers of αβ iNKT cells. Next, we analyzed the effector functions of NK1.1 + γδ T cells by intracellular cytokine staining for IFN-γ. Cells from miR181a/b-1 deficient as well as from sufficient control mice were both capable to produce IFN-γ after in vitro stimulation with PMA/ionomycin although the frequency of IFN-γ + γδ
NKT cells was slightly reduced in the knockout mice (Fig 3D) . Further, we assessed the Vγ4, Vγ6 and Vγ1 chain usage of liver γδ T cells. Similar to the analysis of pLN (Fig 2C) , we did not observe any differences in miR-181a/b-1 deficient mice compared to sufficient controls ( Fig  3F) . A sizable fraction of NK1.1 + γδ NKT cells express a semi invariant Vγ1 + Vδ6.3 + TCR [29] .
To determine whether the expansion of NK1.1 + γδ NKT cells correlates with an expansion of this semi invariant γδ NKT cell subset, we next analyzed the expression of Vγ1 and Vδ6.3 on liver γδ T cells by FACS. Although TCR-specificity plays a critical role in the development of Vγ1 + Vδ6.3 + γδ T cells, their frequencies were unchanged in miR-181a/b-1 deficient as compared to sufficient controls (Fig 3G) . Together, this indicates that augmented numbers of NK1.1 + γδ NKT cells in the liver of miR-181a/b-1 deficient mice are not due to expansion of semi invariant Vγ1 + Vδ6.3 + γδ T cells, but rather result from increased frequencies of NK1.1 + γδ NKT cells using other TCR chain combinations.
γδ NKT cells replenish empty niches of missing liver αβ iNKT cells independent of TCR specificity for CD1d
Next, we addressed whether the balance between αβ and γδ NKT cells may depend on direct competition for signals transduced via the TCR. iNKT cells are agonist-selected for recognition of lipid-Ag presented by CD1d. If the two cell types competed for the same niche it is conceivable that they share their TCR specificities. To test this, we analyzed whether H2BeGFP + γδ T cells bound CD1d tetramers loaded with the αGalCer analog PBS-57. H2BeGFP + γδ T cells did not bind the tetramer (Fig 4) , suggesting that γδ T cells replenish the liver iNKT cell niche independent of CD1d-specific TCR triggering. These data are consistent with previous reports that showed that γδ NKT cells did not bind to CD1d-αGalCer and developed in the absence of CD1d [27, 32, 33] . Normal DETC numbers and phenotype in the absence of miR-181a/b-1
Finally, we tested whether the absence of miR-181a/b-1 would impact the presence of DETCs, which are to date the sole γδ T cell population with an established requirement for TCR-specific positive thymic selection [12, 22, 23, 42] . However, we detected no differences in frequencies or phenotype as shown by FACS analysis of skin lymphocytes (Fig 5A) as well as by histological analysis of epidermal sheets from ears of miR-181a/b-1-deficient and miR-181a/b-1-proficient TcrdH2BeGFP reporter mice (Fig 5B) .
Discussion
The aim of this study was to analyze the impact of miR-181a/b-1-deficiency on the development and homeostasis of γδ T cells. The rationale behind this aim was straightforward: The miR-181a/b-1 cluster is highly expressed during thymocyte development and positively regulates TCR signal strength [31, 35, 36] . Consequently, two recent studies had revealed a critical role for miR-181a/b-1 in development of agonist-selected invariant αβ NKT cells using two independent loss of function knock-out mice lines [31, 39] . Thus, it was likely that miR-181a/ b-1-deficiency would also alter the efficiency of γδ T cell production of those subsets that potentially required agonistic TCR signals for their thymic selection.
Nonetheless, overall numbers and frequencies of thymic and peripheral γδ T cells were largely unaltered in the absence of miR-181a/b-1. Analysis of mixed bone marrow chimeras indicated that, in general, the development of γδ thymocytes was not compromised by miR181a/b-1 deficiency. Both, miR-181a/b-1 deficient as well as wild type donor lymphocytes comparably reconstituted Vγ1 + and Vγ4 + thymocytes. However, we observed a slight TCR MicroRNA-181a/b-1-Independent Development of γδ T-Cells repertoire shift in miR-181a/b-1 deficient thymic γδ T cells. Importantly, these results were stable when heterozygous littermates were used as controls, thereby excluding unrelated effects of the genetic background. In the thymus, we found a higher frequency of thymic Vγ6 + cells in miR-181a/b-1-deficient mice. These invariant Vγ6 + Vδ1 + cells are largely contributing to the pool of CCR6 + IL-17-producing effector γδ T cells [43] [44] [45] . This was not necessarily expected from the literature, since deficiency in miR-181a/b-1 lead to reduced expression of Notch target genes, including. Hes1 [38] , and in turn, Hes1-deficient mice had severely decreased numbers of IL-17 producing γδ T cells [46] . Although these results were very reproducible and statistically highly significant, their biological relevance still needs to be determined in future studies.
Since such CCR6 + IL-17-producing effector γδ T cells were suggested to require no antigenspecific TCR engagement for their differentiation [24, 42] , it is conceivable that their thymic development is relatively less affected by the absence of miR-181a/b-1. Interestingly, a recent report showed that IFN-γ-producing and IL-17-producing γδ T cells developed from DN2 cells, while only IFN-γ-producing γδ T cells developed from DN3 cells [47] . Consistent with the dominant expression pattern of miR-181a/b-1 in thymocytes, these findings support the idea that this miRNA is less important at early developmental stages. Still, deficiency of one miR-cluster might have been be compensated by others. Therefore, it would be instructive to investigate knock-out mice deficient for more than one miR-181 cluster. Although mice with a complete knock-out of all three miR-181 clusters are presumably lethal [38, 39] future work might rely on the combined T cell progenitor specific conditional deletion of all threemiR-181 clusters. Overall, this study revealed a mild effect of miR-181a/b-1-deficiency on the γδ TCR repertoire, which is consistent with a moderate expression level of the miR-181a/b-1-cluster in DN3 thymocytes and in γδ T cells.
On the other hand, we found no impairment of two potentially agonist-selected γδ T cell populations, namely DETCs and γδ NKT. For the former, our conclusions are based on microscopic analysis of adult epidermis. However, a thorough analysis of their early thymic ontogeny would be required to make a statement that DETC development and selection are not at all affected by the presence or absence of miR-181a/b-1. For the latter, our data underline that αβ NKT cells and γδ NKT cells share many but not all features. It was previously reported that αβ NKT cells and γδ NKT cells share some developmental requirements and home to similar anatomical sites [41] . While both lineages are controlled by E-proteins [48] and PLZF [27, 28, 33] , the influence of TCR engagement for development and expansion of γδ NKT cells is less central [32, 33, 49] . In contrast to previous studies [27] , we did not note competition of αβ NKT cells and γδ NKT cells for a thymic niche. Nevertheless, our finding of elevated NK1.1 + γδ NKT cell frequencies in the liver implies that γδ NKT cells can expand and partially replace missing αβ NKT cells in peripheral niches, confirming that αβ NKT and γδ NKT cells can compete for homeostatic niches. As these two cell types do not compete for (CD1d-restricted) TCR antigens, it will be interesting to identify the factors that define the homeostasis of αβ NKT and γδ NKT cells, but not of NK cells or CD8 + αβ T cells, in the liver. Also, given the myriad functions of miR-181a/b-1 in T cell development, our study does not formally exclude a cell intrinsic function of miR-181a/b-1 in γδ NKT cell development and selection.
In conclusion, this study investigated the impact of miR-181a/b-1 on γδ T cell development. We found that miR-181a/b-1-deficiency alters the γδ TCR repertoire to some degree, whereas tuning of TCR sensitivity by the miR-181a/b-1-cluster is not critically required for the development and expansion of γδ NKT cells.
